The transition of the road engineering industry to a circular way of doing business requires more efficient and sustainable resources, energy, and waste management. The rates in which reclaimed asphalt is being recycled or reused in the asphalt mixture production process constitutes a crucial parameter in this transition. This paper aims at establishing a further step towards the combined circularity and sustainability of asphalt pavements, by introducing a framework for quantifying their Material Circularity Index. The framework is based on the methodology proposed by the Ellen MacArthur Foundation and accordingly tailored for the context of asphalt pavements. This study, thus, attempts to provide a thorough analysis of the Reclaimed Asphalt's recycling rates and trends on a European scale and to identify whether the efficiency of the current recycling practices is adequate or not. Moreover, a case study has been undertaken in order to quantify the Material Circularity index of the asphalt pavements forming Italy's motorway network, following the proposed framework. For representative and accuracy reasons, the Material Circularity index of wearing, binder, and base courses has been calculated separately, and the results interestingly indicate that the base course exhibits the highest rates of circularity.
Introduction
Towards the attempt of the road engineering industry to promote the circular economy (CE) and its principles, while reducing the use of large amounts of energy and materials [1] , Reclaimed Asphalt (RA) exhibits a high potential for exploitation. By definition, CE is restorative and regenerative and aims to keep products, components, and materials at their highest utility and value at all times [2] , i.e., it supports the "re-circulation" of materials and energy within the same or alternative product systems, and thus the elimination of avoidable wastes [3] . Hence, RA is perceived as an ideal material that can re-enter the cycle of asphalt mixture production [4] . Although the concept of CE is not new, it still has not been widely and formally implemented in transportation infrastructure projects and specifically in asphalt pavements. The concept of CE made its first appearance as a proactive policy goal for numerous businesses and in political agendas in the late 1970s, mainly due to climate change and the acute concern of rising resource prices, raised by R. Carson and K. Boulding [5] [6] [7] [8] . It encompasses the principles of multiple schools of thought, such as industrial ecology and symbiosis, performance economy, biomimicry, cradle to cradle, blue economy, regenerative design, cleaner production, and natural capitalism [2, 9] . Although there is not a consensual and definitive definition of CE, one of the most widely accepted definitions is that of the Ellen MacArthur Foundation (EMF): "economy that is restorative Figure 1 . Circular economy and the entailment of sub-included economic approaches (after Laura Frodermann, 2018 [12] ).
However, when it comes to transport infrastructures, and more specifically asphalt pavements and RA, it becomes complex to encompass all the principles of CE in their life cycles, and thus no record of studies and approaches relevant to the quantification of their circularity have been recorded. Highways England, London's Waste and Recycling Board (LWARB), Ellen MacArthur Foundation, and Opportunity Peterborough are some of the institutions and companies that are driving towards introducing CE and its metrics within their agenda, hoping to influence a wider decision-making audience. Highways England, in collaboration with two of the most reputable construction companies worldwide, published an "Approach and Routemap" detailing, how the implementation of CE can be achieved through their incipient strategies [17] . Moreover, LWARB has recently published the London's CE Route Map, in an attempt to accelerate the growth and However, when it comes to transport infrastructures, and more specifically asphalt pavements and RA, it becomes complex to encompass all the principles of CE in their life cycles, and thus no record of studies and approaches relevant to the quantification of their circularity have been recorded. Highways England, London's Waste and Recycling Board (LWARB), Ellen MacArthur Foundation, and Opportunity Peterborough are some of the institutions and companies that are driving towards introducing CE and its metrics within their agenda, hoping to influence a wider decision-making audience. Highways England, in collaboration with two of the most reputable construction companies worldwide, published an "Approach and Routemap" detailing, how the implementation of CE can be achieved through their incipient strategies [17] . Moreover, LWARB has recently published the London's CE Route Map, in an attempt to accelerate the growth and development of CE across London, whilst setting out an ambitious plan of action, including the built environment and transportation infrastructure [18] . "Cities in the Circular Economy: An initial exploration" is a report published by the Ellen MacArthur Foundation. It highlights the challenges of the linear economy and promotes the advantages of implementing CE on an urban scale, and within the built environment [11] . Opportunity Peterborough published the "Circular City Roadmap" in 2018. It is a resourceful plan and performance monitoring framework towards 2021, which sheds light upon the next steps to be followed for the realization of circular infrastructure, with the ultimate target being a "circular city" [19] . Some attempts have also been made by companies trying to specifically implement the principles of CE into the production of asphalt mixtures. Tarpaper Recycling, along with Super Asfalt, have proposed the production of REC100. It is a mobile asphalt plant that ensures 100% utilization of the resources in roofing felt and asphalt waste, in order to produce asphalt mixtures incorporating 100% recycled resources. In addition, SYLVAROAD TM RP1000 is an additive derived from Crude Tall Oil (CTO), a renewable raw material, characterized as a by-product of the paper industry and developed by KRATON. It is able to increase the levels of RA incorporated into the asphalt mixtures while avoiding significant environmental burdens [20] .
Reclaimed Asphalt can be defined as existing asphalt pavement materials that have been removed during the resurfacing, rehabilitation, or reconstruction operations of asphalt pavements and accordingly processed [21] . All of the motorways within the EU member-countries consist of asphalt pavements, which-as anticipated-suffer from various types of distresses [22] . Their maintenance and rehabilitation are significantly impactful processes in an environmental, economic, and social context. In order to minimize the impacts of these processes and move towards a more sustainable and circular approach, recycling of RA is nowadays a widespread practice within the road engineering industry [22] [23] [24] [25] [26] [27] . The annual average quantity of available RA within Europe reaches approximately 45.5 Megatonnes, while the average annual proportion that is actually being utilized in asphalt production is only 23.2 Megatonnes [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The main techniques with which RA can be utilized are in hot in-plant recycling, hot in-place recycling, full depth reclamation, cold in-plant recycling, and cold in-place recycling [23, 40] . The percentage of RA incorporated in road pavements is usually limited between 10% and 30%, despite the advantages that its use might imply. This is mainly occurring due to legislation limitations and technical issues, such as the variability of the RA properties, the lack of certainty about the performance of the mixture, and the lack of complete understanding of the mechanisms taking place during the asphalt mixture production [27, 41] . Several studies have attempted to pave the way towards higher utilization of RA in asphalt pavements. The main conclusion of these studies is that higher utilization of RA is possible when attention is paid to the mixture design and the RA's properties, so that a consensus between the laboratory mix design and the full-scale realization of the asphalt pavement can be achieved [42] [43] [44] [45] [46] [47] [48] .
Scope and Objectives
As it is possible to incorporate up to 100% of RA in the production of asphalt mixtures, a question that arises is "how can we quantify the circularity of asphalt pavements incorporating RA?" This study attempts to answer this question and provide the missing link between the concept of CE and the utilization of RA under the umbrella of a Circular Economic approach. Hence, a thorough analysis of the current recycling rates and trends of RA exhibited in EU member-countries is imperative. Moreover, the introduction of new parameters (RA Placed rate (∆U), RA Availability Quantity Factor (QF[a]) and RA Placed Quantity Factor (QF [p] ) that help interpret the availability and the actual exploitation of RA is considered essential. Furthermore, a case study for the quantification of the Product Material Circularity Index (MCI MRA ) of asphalt pavements could enlighten the potential hotspots within the life cycle of a pavement, as can be seen in Figure 2 , and potentially it could help stakeholders and asphalt mixture producers to optimize their production approaches environmentally and economically. To achieve a sustainable production process, this process must also be based on a circular economic model [16, 50, 51] . The purpose of this work is, thus, to quantify and evaluate the circularity potential of RA in the Hot and Warm Mix Asphalt (HWMA) production market through an analytical top-down process. Following this approach, three main objectives can be identified. The first objective is to provide a complete and up-to-date overview of the aforementioned market at a European scale; the second is to implement a Circular Economic Model (CEM) for the asphalt mixtures with RA (MRA), in accordance with the methodology proposed by the Ellen MacArthur Foundation [52] , a foundation recognized as a preeminent institution for CE matters. Finally, the third objective is to quantify and evaluate the circularity potential of the asphalt mixtures with RA, within a specific scenario referred to hereafter as "Case Study". To do so, a Material Circularity Index quantifying framework, specifically tailored for asphalt pavements, has been developed. The usefulness of this quantification is inextricably correlated with the understanding of how far along the road engineering industry is in its transition from a linear way of operating to a circular one. The implementation of this methodology to asphalt pavements would lead to increased awareness of stakeholders about the level of their business' circularity and could potentially detect hotspots relevant to specific processes or products, which when tackled could achieve a holistic system improvement.
Methods

The Current State of Hot and Warm Mix Asphalt Production and Reclaimed Asphalt Exploitation in the European Union
In this study, in order to effectively assess the capacity of RA recycling on a European scale, reputable sources of data were utilized. All of the data needed for the realization of this part of the study was collected from the European Asphalt and Pavement Association (EAPA), through its annual reports, entitled "Asphalt in Figures" [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The analysis has been performed from 2006 to 2017. However, in order to make the results of the study more cohesive and consistent, Europe was divided into four major regions, increasing the homogeneity and the geographical representation of the data. The division was performed according to Eurovoc, and thus, the European Union's guidelines, and it can be seen in Figure 3 and is further analyzed in Table 1 . To achieve a sustainable production process, this process must also be based on a circular economic model [16, 50, 51] . The purpose of this work is, thus, to quantify and evaluate the circularity potential of RA in the Hot and Warm Mix Asphalt (HWMA) production market through an analytical top-down process. Following this approach, three main objectives can be identified. The first objective is to provide a complete and up-to-date overview of the aforementioned market at a European scale; the second is to implement a Circular Economic Model (CEM) for the asphalt mixtures with RA (MRA), in accordance with the methodology proposed by the Ellen MacArthur Foundation [52] , a foundation recognized as a preeminent institution for CE matters. Finally, the third objective is to quantify and evaluate the circularity potential of the asphalt mixtures with RA, within a specific scenario referred to hereafter as "Case Study". To do so, a Material Circularity Index quantifying framework, specifically tailored for asphalt pavements, has been developed. The usefulness of this quantification is inextricably correlated with the understanding of how far along the road engineering industry is in its transition from a linear way of operating to a circular one. The implementation of this methodology to asphalt pavements would lead to increased awareness of stakeholders about the level of their business' circularity and could potentially detect hotspots relevant to specific processes or products, which when tackled could achieve a holistic system improvement.
Methods
The Current State of Hot and Warm Mix Asphalt Production and Reclaimed Asphalt Exploitation in the European Union
In this study, in order to effectively assess the capacity of RA recycling on a European scale, reputable sources of data were utilized. All of the data needed for the realization of this part of the study was collected from the European Asphalt and Pavement Association (EAPA), through its annual reports, entitled "Asphalt in Figures" [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The analysis has been performed from 2006 to 2017. However, in order to make the results of the study more cohesive and consistent, Europe was divided into four major regions, increasing the homogeneity and the geographical representation of the data. The division was performed according to Eurovoc, and thus, the European Union's guidelines, and it can be seen in Figure 3 and is further analyzed in Table 1 . After the distribution of the EU member-countries in the four major regions, all the data relevant for each country was acquired from EAPA and grouped in correspondence with the regions. The data relevant to the total annual HWMA production per EU region is the primary focus. Moreover, data that represents the main applications of HWMA production was collected. Hence, it became possible to classify the average percentage distribution of HWMA uses per pavement layer, namely, wearing, binder, and base courses, and per EU region from 2006 to 2017. Moreover, an indicator characterized as the "RA Placed rate" (ΔU), was quantified, along with the introduction of two new parameters: "RA Availability Quantity Factor" (QF[a]) and "RA Placed Quantity Factor (QF [p] ). The Formulae (1)-(3) of the defined parameters can be found below, while the interpretation of the outcomes from their implementation can be found in Section 4.2. These parameters were introduced for the interpretation of the results to be relevant to the magnitude of actual RA utilized in conjunction with the availability of RA. Furthermore, ΔU describes the rate with which RA is being utilized (RA[p]), in relation to the total available RA (RA[a] ), or the current balance between RA demand and supply in the road pavement construction market. The values of ΔU can vary between 0 and 1, measuring the current RA ability to be introduced into a circular production process, namely, the RA transition level from being perceived as a waste (ΔU = 0) to being utilized as a resource (ΔU = 1). After the distribution of the EU member-countries in the four major regions, all the data relevant for each country was acquired from EAPA and grouped in correspondence with the regions. The data relevant to the total annual HWMA production per EU region is the primary focus. Moreover, data that represents the main applications of HWMA production was collected. Hence, it became possible to classify the average percentage distribution of HWMA uses per pavement layer, namely, wearing, binder, and base courses, and per EU region from 2006 to 2017. Moreover, an indicator characterized as the "RA Placed rate" (∆U), was quantified, along with the introduction of two new parameters: "RA Availability Quantity Factor" (QF[a]) and "RA Placed Quantity Factor (QF [p] ). The Formulae (1)-(3) of the defined parameters can be found below, while the interpretation of the outcomes from their implementation can be found in Section 4.2. These parameters were introduced for the interpretation of the results to be relevant to the magnitude of actual RA utilized in conjunction with the availability of RA. Furthermore, ∆U describes the rate with which RA is being utilized (RA[p]), in relation to the total available RA (RA[a] ), or the current balance between RA demand and supply in the road pavement construction market. The values of ∆U can vary between 0 and 1, measuring the current RA ability to be introduced into a circular production process, namely, the RA transition level from being perceived as a waste (∆U = 0) to being utilized as a resource (∆U = 1). 
∆U
Implementing a Circular Economic Model for Asphalt Mixtures with Reclaimed Asphalt
The typical feed materials for asphalt mixture, i.e., bituminous binder and natural aggregates, are obtained by extracting non-renewable resources, and their management requires a CEM, aligned with the goals of sustainable development. Therefore, according to the whole-life product approach [13, 52] , the CEM developed in this study considers the "technical cycles", in which the products, asphalt mixtures with RA, are evaluated by considering the re-circulation of the RA into the road construction process through recycling. The material flows, going for recycling, originate from the dismantling of the asphalt pavements at the end of their service life. The CEM is based on just one life-cycle, as depicted in Figure 4 , where the conventional linear economic model is also illustrated to highlight the difference between the processes. It is worth stressing that after the dismantling of the pavement, the first step towards the asphalt mixture production is the treatment of the RA, by crushing and sieving the Reclaimed Asphalt Pavement (RAP), at the recycling plant. When RA is about to be introduced in the asphalt mixing process, it is usually treated as an aggregate (black rock) and its overall mass percentage characterizes both the mechanical performance and the durability of the end-product. The final asphalt mixture consists of both virgin and recycled feedstock and it can be assumed that the end-product is in the transition from being "linear" to becoming "circular". compared to the total asphalt production already defined, respectively. Under the assumption of an active road construction market and by considering the values of QF[a] varying from 0 (no RA utilized as material source) to 100 (no demand of virgin materials for asphalt mixture production), the QF[a] measures the potential ability of the RA to meet the demand for asphalt mixture production. The values of QF[p] vary from 0 (no RA utilized as material source) to 100 (total recycling of RA) and represent the actual ability of RA to meet the demand for asphalt mixture production.
It is worth mentioning that the values of QF[p] tend to be equal to the values of QF[a] when ΔU tends to 1. This is when a fully restorative flow of RA is achieved.
The typical feed materials for asphalt mixture, i.e., bituminous binder and natural aggregates, are obtained by extracting non-renewable resources, and their management requires a CEM, aligned with the goals of sustainable development. Therefore, according to the whole-life product approach [13, 52] , the CEM developed in this study considers the "technical cycles", in which the products, asphalt mixtures with RA, are evaluated by considering the re-circulation of the RA into the road construction process through recycling. The material flows, going for recycling, originate from the dismantling of the asphalt pavements at the end of their service life. The CEM is based on just one life-cycle, as depicted in Figure 4 , where the conventional linear economic model is also illustrated to highlight the difference between the processes. It is worth stressing that after the dismantling of the pavement, the first step towards the asphalt mixture production is the treatment of the RA, by crushing and sieving the Reclaimed Asphalt Pavement (RAP), at the recycling plant. When RA is about to be introduced in the asphalt mixing process, it is usually treated as an aggregate (black rock) and its overall mass percentage characterizes both the mechanical performance and the durability of the end-product. The final asphalt mixture consists of both virgin and recycled feedstock and it can be assumed that the end-product is in the transition from being "linear" to becoming "circular". With the aim of assessing the circularity of the end-product, a tailored and analytical method has been developed, whose steps are illustrated in Figure 5 , according to the framework developed by the Ellen MacArthur Foundation [52] . The input data has been acquired by calculating the mass of the end-product [ With the aim of assessing the circularity of the end-product, a tailored and analytical method has been developed, whose steps are illustrated in Figure 5 , according to the framework developed by the Ellen MacArthur Foundation [52] . The input data has been acquired by calculating the mass of the end-product [GMRA], which is equal to the mass of the dismantled pavement [G] A critical aspect of the process of acquiring and utilizing the required data is the definition of the Utility factor [X] . It is a function of the actual average lifetime of the end-product (LMRA), the actual average lifetime of an industry average product (Lav), the average number of loading cycles before failure (NMRA) in terms of fatigue or rutting achieved by the end-product (NMRA) during laboratory testing, and the equivalent number of loading cycles of an industry-average product of a similar type (Nav):
Regarding the second part of Equation (4), , and according to the results of experimental campaigns that have been conducted by the Illinois Center for Transportation and the University of A critical aspect of the process of acquiring and utilizing the required data is the definition of the Utility factor [X] . It is a function of the actual average lifetime of the end-product (L MRA ), the actual average lifetime of an industry average product (L av ), the average number of loading cycles before failure (N MRA ) in terms of fatigue or rutting achieved by the end-product (N MRA ) during laboratory testing, and the equivalent number of loading cycles of an industry-average product of a similar type (N av ):
Regarding the second part of Equation (4),
, and according to the results of experimental campaigns that have been conducted by the Illinois Center for Transportation and the University of Tennessee [53, 54] about the impact of RA content on the performance of asphalt mixtures, the influence of different levels of RA incorporated into asphalt mixtures was identified [55] . Sheng Zhao et al. [56] , Ibrahim Sonmez et al. [57] , Taleb Al-Rousan et al. [58] , Tabakovic et al. [59] , [60] , and W. Bankowski [61] have also performed similar studies identifying the influence of the RA percentage on the mechanical behavior of different layers composing asphalt pavements. This was achieved by testing representative specimens for fatigue and rutting resistance. The studies concluded that different levels of RA percentages incorporated into asphalt mixtures could lead to different performance levels. These studies showed that for wearing courses containing RA, the resistance to rutting increases with increased RA content, while the resistance to fatigue for binder and base courses with RA increases with increased RA content after the threshold of 20% and 30%, respectively. Thus, it became possible to establish the average number of loading cycles before failure (N MRA ) in terms of rutting (wearing course) and fatigue (binder and base courses) achieved by the end-product (N MRA ) during laboratory testing and the equivalent number of loading cycles of an industry-average product of a similar type (N av ). It is worth mentioning that the fraction L MRA /L av , defined within the EMF's methodology was assumed to be equal to 1. The underlying reason behind this specific assumption is that it would be unrealistic to assume a value for the actual average lifetime of the end-product (L MRA ) and the actual average lifetime of an industry average product (L av ). Hence, as stated in the very same methodology, if it is not possible to provide a good estimate of the aforementioned fraction, it is conservatively suggested for the average lifetime to be deemed equal to L MRA /L av = 1 [62] . Finally, the MCI* MRA , as a measure of the circular flow of the end-product, is calculated through the following equation:
where the parameter F[X] is an equilateral hyperbolic function of the Utility factor with constant K equal to 0.9. In order to avoid a negative value of circularity potential of the end-product, the MCI MRA is established by comparing and choosing the highest value between 0 and MCI* MRA . This value is the final measure of the circularity potential of the end-product and it represents the impact of the MRA's on the road market construction in terms of innovation and sustainability.
Quantifying the MCI MRA of the Italian Motorway Pavement: A Case Study
Having defined the availability and the recycling rates of RA within the EU, the data concerning Italy was isolated and utilized in order for the case study to be structured and undertaken. However, it is worth mentioning that the applicability of the proposed Circular Economic Model along with the Material Circularity Index quantification method is not restricted in terms of regionality, at least within Europe. The chain of asphalt mixture production is similar or in some cases identical in most countries, and thus the inputs for the MCI MRA quantification are region-independent. The goal of the calculation is to assess the circularity of the mixtures with RA originating from the dismantling of the asphalt pavements, constituting Italy's motorway network. The final assumed road pavement structure that was considered for this case study is depicted in Figure 6 . First of all, data relevant to the total length of the Italian motorways was collected from the official website of the EU and data concerning the availability and exploitation rates of RA was collected from EAPA, as mentioned before. According to the Italian road design standards [63, 64] , the average thickness of the pavements was determined, as well as the average number of lanes along with their width. The motorway pavements were sub-divided into three layers, namely, wearing, binder, and base course, due to the fact that different percentages of RA are incorporated in each layer, according to the Italian road design standards [63, 64] , and different levels of RA utilization were detected in each layer according to the analysis performed on the state of the HWMA production and RA utilization within the EU. For transparency reasons, all the essential data collected and, of course, the assumptions made in order for this case study to be undertaken, have been summarized and presented in Table 2 . Utilizing the data collected and reported in Table 2 , the MCIMRA of wearing, binder, and base courses of the Italian motorways was quantified, following the proposed framework. The focus has been given to the "technical circle" of RA re-circulation within the product system. This is because First of all, data relevant to the total length of the Italian motorways was collected from the official website of the EU and data concerning the availability and exploitation rates of RA was collected from EAPA, as mentioned before. According to the Italian road design standards [63, 64] , the average thickness of the pavements was determined, as well as the average number of lanes along with their width. The motorway pavements were sub-divided into three layers, namely, wearing, binder, and base course, due to the fact that different percentages of RA are incorporated in each layer, according to the Italian road design standards [63, 64] , and different levels of RA utilization were detected in each layer according to the analysis performed on the state of the HWMA production and RA utilization within the EU. For transparency reasons, all the essential data collected and, of course, the assumptions made in order for this case study to be undertaken, have been summarized and presented in Table 2 . Utilizing the data collected and reported in Table 2 , the MCI MRA of wearing, binder, and base courses of the Italian motorways was quantified, following the proposed framework. The focus has been given to the "technical circle" of RA re-circulation within the product system. This is because no bio-materials have been used to produce the asphalt mixtures that would have contributed to the restoration of the biosphere during their End-of-Life. In detail, since different layers incorporate different levels of RA, the analysis is carried out by considering three mixtures with different RA content in order to provide results with higher accuracy and actual representativeness, compared to undertaking the study considering the asphalt pavements as complete end-products. The efficiency of the recycling process (RA treatment) is assumed E T = 100%, as usually the entire amount of the milled RA, after appropriate crushing and screening, is utilizable [65] . The efficiency of the recycling process to produce MRA's is assumed to be E P = 98%. In the majority of the situations, when HWMA production is involved, RA has to be appropriately screened, crushed, and processed, in order for the required gradation and aggregate specifications to be fulfilled [65] . The mass of the virgin and recycled feedstock were calculated by the data acquired from EAPA [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] and the mass of the finished products was calculated by using the average layers thicknesses' for each layer, according to the Italian road design specifications [63, 64] and assuming the bulk density of the asphalt mixture constituting the pavement layers, G mb = 2.35 Mg/m 3 . The fraction of the mass collected for recycling at the End-of-Life of the pavements was extrapolated based upon the quantities of the available RA and the percentages of hot mix asphalt utilization in different layers. The amount of waste going to landfill or energy recovery and the quantity of waste generated during the two stages of the recycling process were calculated according to the proposed model. The outcomes of the experimental campaigns conducted by the Illinois Center for Transportation and the University of Tennessee [53, 54] , along with the results of the studies undertaken by Sheng Zhao et al. [56] , Ibrahim Sonmez et al. [57] , Taleb Al-Rousan et al. [58] , and Tabakovic et al. [59, 60] , were utilized to calculate the resistance to rutting and fatigue of the wearing, the binder, and the base courses with varying percentages of incorporated RA.
Hence, it became possible to calculate the Utility factor [X] required as an input for the completion of the case study and the quantification of the MCI MRA of Italy's motorway network for wearing, binder, and base courses. In Table 3 , the inputs required are presented for transparency and reproducibility reasons. 
Results and Discussion
Hot and Warm Asphalt Mix production and Its Utilization Trends per Layer
Following the data acquisition described in the previous sections, in Figures 7-9 , the total annual HWMA production per European region, the total utilization of this production in wearing, binder, and base courses, and its average percentage distribution in these layers are illustrated, respectively. Following the data acquisition described in the previous sections, in , the total annual HWMA production per European region, the total utilization of this production in wearing, binder, and base courses, and its average percentage distribution in these layers are illustrated, respectively. Following the data acquisition described in the previous sections, in Figures 7-9 , the total annual HWMA production per European region, the total utilization of this production in wearing, binder, and base courses, and its average percentage distribution in these layers are illustrated, respectively. Hence, it can be safely deduced that the annual HWMA production for the Northern EU has remained almost static from 2006 to 2017, accounting for approximately 20 Megatonnes per year. The situation for Central and Eastern EU is quite similar in terms of its trend over the years, but with a higher average annual production, reaching about 40 Megatonnes. In the Western EU, the HWMA production has decreased over the years, starting from approximately 155 Megatonnes in 2006 and dropping to 120 Megatonnes in 2017, experiencing a decline of 23%. Moreover, in Southern EU the HWMA production in 2006 accounted for almost 100 Megatonnes and experienced a significant decrease of 50% by 2017, when approximately 50 Megatonnes of HWMA mixtures were produced. In terms of the average utilization of these mixtures, from Figure 9 , it becomes obvious that the main pavement component in which they are utilized is the wearing course, followed by the base course, and finally the binder course. This fact emphasizes the high demand of asphalt mixture production addressed to wearing courses, indicating that surface layers are the largest "end-users" of asphalt mixtures and that most of the established rehabilitation regimes, including resurfacing or interventions, are focused on the wearing courses. In detail, especially in the Southern EU, where Italy is allocated to, more than 51% of the total HWMA production is intended for use in surface courses, and also according to the Italian regulations [63, 64] , the wearing course is the layer that experiences the lower allowed margin in terms of RA quantity, accounting for merely 20%. Hence, it can be safely deduced that the annual HWMA production for the Northern EU has remained almost static from 2006 to 2017, accounting for approximately 20 Megatonnes per year. The situation for Central and Eastern EU is quite similar in terms of its trend over the years, but with a higher average annual production, reaching about 40 Megatonnes. In the Western EU, the HWMA production has decreased over the years, starting from approximately 155 Megatonnes in 2006 and dropping to 120 Megatonnes in 2017, experiencing a decline of 23%. Moreover, in Southern EU the HWMA production in 2006 accounted for almost 100 Megatonnes and experienced a significant decrease of 50% by 2017, when approximately 50 Megatonnes of HWMA mixtures were produced. In terms of the average utilization of these mixtures, from Figure 9 , it becomes obvious that the main pavement component in which they are utilized is the wearing course, followed by the base course, and finally the binder course. This fact emphasizes the high demand of asphalt mixture production addressed to wearing courses, indicating that surface layers are the largest "end-users" of asphalt mixtures and that most of the established rehabilitation regimes, including resurfacing or interventions, are focused on the wearing courses. In detail, especially in the Southern EU, where Italy is allocated to, more than 51% of the total HWMA production is intended for use in surface courses, and also according to the Italian regulations [63, 64] , the wearing course is the layer that experiences the lower allowed margin in terms of RA quantity, accounting for merely 20%.
Reclaimed Asphalt Recycling Rates, QF[a] and QF[p]
Quantifying now the RA recycling rate, along with the parameters QF[a] and QF[p], defined in Section 3.1, through the aforementioned Formulae (1)- (3), Table 4 illustrates the annual fluctuation of these parameters. 
Quantifying now the RA recycling rate, along with the parameters QF[a] and QF[p], defined in Section 3.1, through the aforementioned Formulae (1)-(3), Table 4 illustrates the annual fluctuation of these parameters.
From the results presented in Table 4 , it can be seen that there is a significant deviation between the available RA and the RA that is actually utilized in HWMA production, indicating an inadequate process of managing and exploiting the RA produced. This leads to an inefficiently circular approach of asphalt mixture production. The availability and the actual exploitation of RA have slowly and steadily increased in Northern and Western EU sections from 2006 to 2017, while for the Southern and Central and Eastern EU, the actual utilization of RA in HWMA production is almost the same over time. Moreover, in Figure 10 , the total HWMA production per year and EU major region are compared to the total RA availability. It can be deduced from this analysis that the production of RA is far from satisfying the market's demand for HWMA production in all the EU sections. It is also worth mentioning that according to the values of QF[a] and QF[p], it seems that the goal of 100% recycling is far from being achieved. In an even broader consideration, it could be said that the sustainability of the whole process of the re-circulation of RA in the product system of asphalt pavements is significantly weak. For comparative reasons, after having calculated the total annual HWMA production, the total available RA and the RA utilized in HWMA production in EU, Table 5 has been created. The annual levels of possible decrease in HWMA production in the EU can be seen, considering the case that all the available RA is being utilized, namely if ∆U accounted for 1. Finally, a heatmap illustrating the potential percentage reduction on HWMA production per year and EU section, after the implementation of the proposed CEM, was created and is presented in Figure 11 . Finally, a heatmap illustrating the potential percentage reduction on HWMA production per year and EU section, after the implementation of the proposed CEM, was created and is presented in Figure 11 . Finally, a heatmap illustrating the potential percentage reduction on HWMA production per year and EU section, after the implementation of the proposed CEM, was created and is presented in Figure 11 . 
Product Material Circularity Index of Italian Motorways per Layer
Having identified the weakness, in terms of circularity and sustainability, of the re-circulation process of RA into new asphalt pavements' product systems, naturally, the next step that was undertaken was to quantify the levels of circularity of asphalt pavements themselves. To do so, the MCI MRA of the three basic bituminous layers of the asphalt pavements, namely, wearing, binder, and base course, constituting the motorway network of Italy, was quantified. For the quantification of the circularity levels of the pavements, the tailored Material Circularity Index Methodology was utilized, as described in Section 3.2. Finally, in Table 6 , the final outputs of the calculation can be found, and are presented in Figure 12 . Figure 11 . Heatmap of the potential reduction on Hot and Warm Mix Asphalt Production per year and EU section, after the implementation of the proposed Circular Economic Model.
Having identified the weakness, in terms of circularity and sustainability, of the re-circulation process of RA into new asphalt pavements' product systems, naturally, the next step that was undertaken was to quantify the levels of circularity of asphalt pavements themselves. To do so, the MCIMRA of the three basic bituminous layers of the asphalt pavements, namely, wearing, binder, and base course, constituting the motorway network of Italy, was quantified. For the quantification of the circularity levels of the pavements, the tailored Material Circularity Index Methodology was utilized, as described in Section 3.2. Finally, in Table 6 , the final outputs of the calculation can be found, and are presented in Figure 12 . From the results of the calculation, the layer that exhibits the highest levels of circularity is the base course, which raises a controversy, since only 21% of the total HWMA production is intended for utilization in base courses. However, the percentage of RA incorporation in the base layer is significantly higher compared to the corresponding level in the upper layers, usually restricted to 10-30% in Italy, and the total mass of the mixtures required for the construction of the base courses is significantly increased (higher layer thickness). To improve the levels of circularity of every pavement layer, following a "back-calculating" process of the MCIMRA, the following recommendations could be provided:

Optimize the Utility [X] by extending the actual average lifetime of asphalt pavements, and thus the functional units achieved through their life cycle, by introducing more systematic and effective maintenance regimes.  Minimize the Linear Index flow (LFI) by reducing the utilization of virgin feedstock and increasing the feedstock originating from recycled sources; or in other words, maximize the potential of RA recycling.
It becomes obvious that in order to increase the circularity and sustainability of asphalt pavements, it is imperative for the technical viability of the layers that contain significantly high proportions of RA to be demonstrated and validated. This will allow the decision-makers and From the results of the calculation, the layer that exhibits the highest levels of circularity is the base course, which raises a controversy, since only 21% of the total HWMA production is intended for utilization in base courses. However, the percentage of RA incorporation in the base layer is significantly higher compared to the corresponding level in the upper layers, usually restricted to 10-30% in Italy, and the total mass of the mixtures required for the construction of the base courses is significantly increased (higher layer thickness). To improve the levels of circularity of every pavement layer, following a "back-calculating" process of the MCI MRA , the following recommendations could be provided:
• Optimize the Utility [X] by extending the actual average lifetime of asphalt pavements, and thus the functional units achieved through their life cycle, by introducing more systematic and effective maintenance regimes.
• Minimize the Linear Index flow (LFI) by reducing the utilization of virgin feedstock and increasing the feedstock originating from recycled sources; or in other words, maximize the potential of RA recycling.
It becomes obvious that in order to increase the circularity and sustainability of asphalt pavements, it is imperative for the technical viability of the layers that contain significantly high proportions of RA to be demonstrated and validated. This will allow the decision-makers and stakeholders to be finally able to alter technical standards and specifications towards the successful transition of the currently linear road engineering industry to a circular way of conducting business.
Summary and Conclusions
For a policy focused on effectively achieving the goals of sustainable development, innovative processes and product models must be developed so that economic, technical, and environmental advantages could simultaneously be achieved. An approach supplemented by the principles of the CE seems aligned with this purpose, since it supports the reduction of the exploitation of non-renewable resources and the minimization of polluting emissions on critical resources, such as air, water, and soil. The circular economic models are, therefore, based on production chains built on technical cycles that are systematically able to provide maintenance, reuse, refurbishment, and recycling of products and materials. To obtain meaningful results capable of positively altering the state of problems, such as climate change and the price of non-renewable raw materials, circular economic models must be applicable and generalizable on an extended geographical scale and on industrial processes that intensively involve large amounts of resources. Among these processes lies the construction of asphalt road pavements for new infrastructures, as well as their maintenance and management.
These processes involve intensive consumption of non-renewable raw materials, i.e., aggregates, and secondary materials, such as bitumen, and a resulting environmental impact in terms of air, soil, and water pollution. The end-product is the asphalt mixture, whose market has been analyzed, in an updated historical series on a European scale, disaggregating the data by distinct geographical areas and by type of mixture according to the final layer within the road pavement. Together with this analysis, the production of the reclaimed asphalt has also been investigated by defining three parameters (∆U, QF[a], QF[p])] to evaluate both the actual and the potential influence of RA exploitation on the asphalt mixture production market. Such an analysis has led to several considerations. The HWMA production market, although still being characterized by a high value of produced quantities-around 230 Megatonnes in 2017-shows a substantially constant or slightly decreasing trend in supply. Consequently, the historical trend reveals a mature market for such a product. The supply of RA shows a similar trend, with a lower rate of production equal to approximately 44 Megatonnes in 2017, even with different demands allocated to the sub-divided major EU regions. The highest values are detected in Northern and Western EU (in average countries which are economically more advanced), and the lowest ones in Southern and Central EU.
On the basis of the market analysis, a CEM for asphalt mixtures with RA as end-products seems to be the optimal way to evaluate their actual rate of circularity to identify both the strengths and weaknesses of the production process and to highlight the sensitive points to be discussed. The developed model, according to the general framework proposed by the Ellen MacArthur Foundation, is based on the philosophy of a closed loop and adopts the whole product approach within the product level methodology. Such a model provides a rigorous quantification of the product's circularity, expressed as Product Material Circularity Index (MCI MRA ). In this index, the Utility function, expressed as the ratio between the mechanical resistance of the end-product and the current or reference product, is the most relevant in order to drive the transition from a linear product to a circular one. In this case, it appeared conceptually sound to measure the Utility function in terms of rutting for the wearing course, while in terms of fatigue for the remaining bituminous layers, since these phenomena are the main drivers of expected design life of the asphalt layers. In addition, it is worth noting that the proposed model refers to a single cycle, but it may be easily extended over more cycles.
The Italian motorway network has been chosen, as a representative scenario, since this country belongs to an EU region where a large part of the demand, up to around 30%, might be met by fully exploiting the available RA. The results in terms of MCI MRA can be considered unsatisfactory. In other words, the end-product is linear for two main reasons: the very low production rate of recycled feedstock and the significantly low allowed limits of incorporating RA into the mixtures that compose the different pavement layers. It is worth considering that the RA production rate depends on the technical specification limits-something that is accurate only to a certain extent. If QF[p] was equal to QF[a], i.e., ∆U = 1, the MCI MRA of the wearing course, for instance, would reach the value of 0.458, which would suggest a 115% improvement. Under the assumption of also increasing the regulatory limits of the allowed RA to be incorporated up to the values tested by different authors, the aforementioned MCI MRA would reach the value of 0.567, which is 166% higher value than the first one. The same trend, but with a higher magnitude, for the binder and base courses can be observed in Figure 13 .
technical specification limits-something that is accurate only to a certain extent. If QF[p] was equal to QF[a], i.e., ΔU = 1, the MCIMRA of the wearing course, for instance, would reach the value of 0.458, which would suggest a 115% improvement. Under the assumption of also increasing the regulatory limits of the allowed RA to be incorporated up to the values tested by different authors, the aforementioned MCIMRA would reach the value of 0.567, which is 166% higher value than the first one. The same trend, but with a higher magnitude, for the binder and base courses can be observed in Figure 13 . Therefore, pursuing an effective policy aimed at implementing the principles of sustainability and CE, strong cooperation between stakeholders should be considered, focused on optimizing:
 ΔU, by encouraging waste recycling techniques, while at the same time discouraging landfilling through incentives, bonuses, and penalties;  PRA, by increasing the allowed limits of RA incorporation in the asphalt mixtures, following the current direction of scientific research;  X, by increasing the utility factor through an appropriate and specifically tailored mix design addressed to RA;  F[X], by further analyzing and fully defining the parameter of utility function according to an "ad hoc" structure for the end product;  Capability and Efficiency, by accordingly adapting and strengthening the asphalt production chain, with particular reference to the structure and equipment of the treatment and mixing plants. Therefore, pursuing an effective policy aimed at implementing the principles of sustainability and CE, strong cooperation between stakeholders should be considered, focused on optimizing:
• ∆U, by encouraging waste recycling techniques, while at the same time discouraging landfilling through incentives, bonuses, and penalties; • P RA , by increasing the allowed limits of RA incorporation in the asphalt mixtures, following the current direction of scientific research; • X, by increasing the utility factor through an appropriate and specifically tailored mix design addressed to RA; • F[X], by further analyzing and fully defining the parameter of utility function according to an "ad hoc" structure for the end product; • Capability and Efficiency, by accordingly adapting and strengthening the asphalt production chain, with particular reference to the structure and equipment of the treatment and mixing plants. 
